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Abstract 
The loss of adhesion is a major mechanism of physical distress in hot-mix asphalt (HMA) because it 
could reduce the durability of HMA. In this study, active and passive adhesion between the aggregates 
and the bitumen that are part of HMA were analysed. As part of the analysis, the Boiling Water Test and 
measurements of the mixing times were conducted. Four aggregates (hornfels, feldspatic schist, gabbro 
and dolomitic calcite) and five fillers (from natural aggregate, from natural aggregate + 1% hydrated lime, 
commercial limestone, grey Portland cement and fly ash) were used to generalise the conclusions. The 
experimental results indicated that the use of filler, particularly the grey Portland cement, improves the 
passive adhesion. The results also indicated that the use of natural filler results in the worst active 
adhesion. The statistical analysis confirmed the observed results and indicated that active and passive 
adhesion are not related. 
Keywords: aggregate-bitumen adhesion, cohesion, water resistance, durability. 
1. Introduction 
Hot-mix asphalt (HMA) is a construction and building material that is widely used at a global level [1] for 
flexible pavements in the road industry. Nevertheless, this material presents a serious drawback: HMA 
may fail due to poor water resistance. Indeed, water is the major cause of failure in HMA [2] because the 
presence of water could lead to a loss in the structural strength and durability of the HMA [3].  
HMA is composed of aggregates of various sizes that must be completely coated by the binder, that is, the 
bitumen. When HMA is in service, water can interact both in the liquid state and as vapour [4] or even in 
the solid state. Thus, water can damage HMA in several ways, such as the freezing of entrapped water 
[5], the loss of adhesion between the aggregate-binder interface and a lack of cohesion of the mastic [6]. 
These two later mechanisms are the two primary driving mechanisms of moisture damage [5]. Among 
them, the loss of adhesion is a major mechanism of physical distress in bituminous mixtures [7]; however, 
2 
 
this damage mechanism usually does not work alone and typically coexists with the lack of cohesion [8, 
9]. 
Note that in the road pavement industry, two types of adhesion can be distinguished: active and passive 
adhesion [10]. Active adhesion is the ability of the binder to completely coat the aggregate during the 
mixing operation in the HMA manufacture plant, while passive adhesion is the ability of the binder to 
remain on the aggregate surface without risk of displacement due to the action of water and traffic during 
the service life of the asphalt [11].  
On the one hand, a poor aggregate coating by the binder, that is, an inadequate active adhesion during the 
HMA manufacturing process, could lead to the creation of pathways through which water could 
penetrate. On the other hand, the loss of passive adhesion as a consequence of the action of water and 
traffic during the service life of the HMA could accelerate the creation of several pavement distresses, 
such as ravelling, cracking, bleeding, potholes, or premature rutting (figure 1) and could also increase its 
extent and severity [2-3, 8, 12-13]. These pavement distresses result in a loss of comfort and road safety, 
as well as a reduction in the strength and durability of the pavement [14].  
A great variety of products are available to improve the moisture damage resistance of the mixtures. 
These products include the use of mineral fillers (mineral powders with physical size passing the 0.063 
mm sieve) which have a decisive influence on the adhesion between the aggregate and the binder for two 
reasons [15]. The first reason is that the mineral filler fill the voids in the bituminous mixtures, thereby 
preventing water entry. The second reason is that several mineral fillers exhibit a better chemical affinity 
with the bitumen than with the aggregate. In this regard, some authors indicate that the use of Portland 
cement as filler leads to an improvement in the water resistance of the mixture [8, 16]. Other authors 
stated that using fly ash as mineral filler also improves the water resistance of HMA [5, 16]. Nevertheless, 
hydrated lime is the most used anti-stripping agent, generally in percentages of 1% to 2% by dry weight 
of the aggregate [3, 5, 16-17].  
In this regard, the aim of this study is to analyse the influence of mineral filler on both active and passive 
adhesion between the aggregates and the bitumen, with the ultimate objective of improving the water 
sensitivity and therefore, the performance and the durability of HMA against the action of water; thereby 
improving road service quality and traffic safety and reducing the costs of operating and maintaining the 
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pavement of highways  In addition, an analysis is performed regarding whether there is any relationship 
between the active and passive adhesions. To compare and generalise the findings, this investigation was 
conducted with aggregates of four different mineralogical compositions. To perform the analysis of the 
aggregates and bitumen passive adhesion, the Texas Boiling Water Test was selected, due to its short 
measurement time and simplicity [18]. To perform the analysis of the aggregate and bitumen active 
adhesion, the mixing times were measured. 
2. Materials 
2.1. Aggregates 
Four types of aggregates typically used in Spain in road construction were selected to perform this work: 
hornfels, feldspatic schist, gabbro and dolomitic calcite. Because the analysis of the adhesion between the 
aggregate and the binder requires knowledge of the siliceous or limestone nature of the aggregates, an 
analysis of the chemical composition and crystalline phases of the asphalt were conducted. 
X-ray fluorescence (XRF) spectroscopy (Bruker S4 Pioneer Fluorescence Spectrometer) was used to 
determine the bulk composition in the weight of the aggregates. As presented in table 1, the composition 
of hornfels, feldspatic schist and gabbro is mainly siliceous. Consequently, these aggregates have a high 
potential to exhibit poor moisture damage performance. On the contrary, dolomitic calcite aggregates are 
a mainly limestone aggregate, and thus, adequate water resistance is expected. 
The crystallography was evaluated using the X-ray diffraction (XRD) method (Siemens D5000 X-ray 
diffractometer). Figure 2 shows the results of the X-ray diffraction test. Note that hornfels and feldspatic 
schist mainly present quartz in their mineralogical composition. Because quartz usually has a poor 
adhesion with the binder [19], it is expected that the adhesion with the bitumen is not adequate. The 
gabbro mainly exhibit chlorite-serpentine in its mineralogical composition. Chlorites are present in non-
polar active sites, which are generally found on hydrophobic surfaces [20]. Nevertheless, taking into 
account that quartz also appears in the mineralogical composition of the gabbro and that non-polar active 
sites appear to a lesser degree in the chlorites than in other minerals [21], it is not expected to exhibit 
good adhesion with the binder. Cristallography results confirm the XRF results in the case of dolomitic 
calcite. This aggregate is mainly composed of dolomite, thus a good adhesion with the bitumen is 
expected [19]. 
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2.2. Binder 
A penetration grade bitumen B50/70 was used as the binder. The bitumen came from Venezuela and is 
typically used in the hot-mix asphalt industry in Spain. The bitumen penetration grade was obtained 
following the Spanish standard NLT-124/84 [22]. In this test, the amount of penetration produced in a 
sample of bitumen at 25 °C by a calibrated needle, which is charged with 100 g and is allowed to act for 5 
seconds , is measured. As expected, the penetration grade obtained for B50/70 (5.2 mm) was between 5.0 
mm and 7.0 mm.  
2.3. Filler 
In this study, in addition to filler from natural aggregate, four mineral fillers were chosen among the most 
used to improve the adhesion between the aggregates and the bitumen. These four fillers were filler from 
natural aggregate + 1% hydrated lime CL-90 S (minimum content of CaO + MgO 90%); commercial 
limestone (SiO2 < 0.08% and CaO > 63.77%); grey Portland cement CEM II/B-M (V-L) 32.5 N; and fly 
ash (SiO2 content between 33.1% and 63.5% and CaO content between 1.85% and 11.5%). 
Since the grain size of the filler can influence the aggregate-bitumen adhesion, figure 3 includes the grain 
size distribution of the fillers used in the present investigation, obtained by means of laser diffraction 
(light scattering) using a Saturn Digisizer II equipment. As can be seen, the commercial fillers (fly ash, 
commercial limestone, Portland cement and hydrated lime) have finer size distribution than the filler from 
natural aggregates (hornfels, feldspatic schist, gabbro and dolomitic calcite). 
3. Experimental studies 
3.1. Passive adhesion 
Passive adhesion analysis was conducted following the standard ASTM “D 3625 - 96 Standard Practice 
for Effect of Water on Bituminous-Coated Aggregate Using Boiling Water” [26]. This standard describes 
a method that is easy to perform, efficient and sufficiently fast for the determination of the water 
sensitivity of the aggregates coated with bitumen. As shown in figure 4, a sample of approximately 250 g 
of loose asphalt mixture made with aggregates of fraction 8/11.2 mm is cooled to a temperature between 
85 °C and the boiling point of water. After reaching the target temperature, the sample is then introduced 
into a container with boiling distilled water for 10 minutes. After this time, the bitumen that remains at 
the water surface is skimmed off, and then the sample is cooled to room temperature. Next, after 
decanting the water, the sample is placed onto a white paper towel, and then the observations of the 
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degree of bitumen coating are performed. In this test, the minimum coating requirements, considering that 
the binder exhibits good adhesion, are 85-90% [6]. 
Four control samples (with natural filler) and 16 samples, including all possible combinations of 
aggregate and fillers, were analysed. In all cases, the loose mixture was made with 4% mineral filler by 
the total weight of aggregate and 3% bitumen by the total weight of the mixture. In addition, an analysis 
of the bitumen coatings obtained in a loose mixture without filler was conducted to determine whether the 
use of filler improves the results. 
3.2. Active adhesion 
To obtain a measure of the ease of achieving the aggregate coating by the binder, the mixing times of the 
different combinations of aggregates and mineral fillers were measured. Both the aggregates and the 
bitumen were heated at the temperature of 170 °C. This test determined the time in seconds elapsing 
between the moment in which the bitumen is added to the mixing bowl and the moment when 100% 
bitumen coating is achieved. 
3.3. Data statistical analysis 
First, a two-way analysis of variance (ANOVA) was conducted to analyse the statistical significance of 
the mineral filler and the type of aggregate in the passive adhesion between aggregate and binder. The 
bitumen coverage was the dependent variable in each case. The two factors were the type of aggregate 
(hornfels, feldspatic schist, gabbro and dolomitic calcite) and the type of mineral filler (natural, natural + 
1% hydrated lime, commercial lime, CEM II/ B-M (V-L) 32.5 N and fly ash). Both factors were 
qualitative variables, while the bitumen coverage is a quantitative variable. 
Additionally, another two-way ANOVA was performed to determine the effects of the type of mineral 
filler and the type of aggregate on the mixing time, that is, in the active adhesion. 
In this case, the dependent quantitative variable is the mixing time to achieve 100% bitumen coverage. 
The two factors are the same as the factors used in the first ANOVA. 
In addition, one one-way ANOVA was performed with the aim of analysing if there is a statistical 
significance between the bitumen coverage obtained in the Boiling Water Test and the mixing time, that 
is, to analyse the relationship between passive adhesion and active adhesion. 
PASW Statistics 18 was used in all cases to perform the statistical analyses. 
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4. Results and discussion 
4.1. Passive adhesion 
Figure 5 shows the bitumen coverage obtained in the Boiling Water Test versus the type of mineral filler 
and the type of aggregate. As expected, figure 5 clearly shows that using mineral filler notably improves 
the passive adhesion between the aggregates and the binder. Nevertheless, there are exceptions, probably 
due to the dispersion of this test or the heterogeneous composition of the aggregates, particularly the 
feldspatic schist. In this regard, the loose mixture made with feldspatic schist and commercial lime and 
the loose mixture made with feldspatic schist and fly ash produced worse results than that obtained with 
the loose mixture made with feldspatic schist without filler. Figure 5 also shows that using Portland 
cement CEM II/B-M (V-l) 32.5 N as filler clearly results in better bitumen coverage for most aggregates. 
Again, the loose mixture made with feldspatic schist and Portland cement is an exception. However, in 
this case, using Portland cement with feldspatic schist results in a bitumen coverage that is only 5% lower 
than the maximum bitumen coverage obtained with the feldspatic schist, that is, the results obtained using 
natural filler or natural filler + 1% hydrated lime.  
Curiously, from the results of figure 5, the limestone aggregates cannot be concluded to yield better 
results than those of siliceous type. This result indicates that, in addition to the mineral composition, there 
are many other factors that affect the adhesion, such as texture [1] or porosity, which may be, in some 
cases, dominant. 
4.2. Active adhesion 
Figure 6 shows the active adhesion results for all of the aggregates and mineral fillers, in terms of the 
mixing time. As observed, in general, Portland cement, fly ash and commercial limestone are the fillers 
that achieve lower mixing times. That is, it is easier to achieve 100% bitumen coverage during the manual 
mixing process using these fillers. On the contrary, using the filler from the aggregate or the filler from 
the aggregate + 1% lime exhibits the worst results. That is, natural fillers seem to exhibit the worst active 
adhesion, probably due to the greater grain size. 
4.3. Relationship between passive and active adhesion 
It is interesting to analyse if there are any relationships between the passive and the active adhesion. With 
this aim, figure 7 represents the mixing time versus the bitumen coverage for the four aggregates used in 
this study. From figure 7, it can be clearly concluded that there is no relationship between the active and 
passive adhesions. For example, as observed in figure 6, using fly ash as mineral filler yields very low 
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mixing times for all of the aggregates; however, the use of mineral filler results in the worst bitumen 
coverage (figure 5). In contrast, when using Portland cement as filler, very low mixing times (figure 6) 
are also obtained, but it is the mineral filler that achieves the best bitumen coverage results (figure 5). 
That is, in view of the results, it can be stated that there is no relationship between the active adhesion and 
the passive adhesion. 
4.4. Statistical data analysis 
To analyse the statistical significance of the above-described results, two two-way ANOVA tests were 
performed. As stated in Section 3.3, the first ANOVA was conducted to analyse the statistical influence 
of the type of filler and the type of aggregate in the passive adhesion. The results from the first ANOVA 
indicate that the type of mineral filler is statistically significant for the passive adhesion (p = 0.003 < 
0.05). On the contrary, the type of aggregate was not statistically significant (p=0.191>0.05). Thus, 
statistical analysis confirms the results described in Section 4.1. 
The second ANOVA was conducted to analyse the statistical influence of the type of filler and the type of 
aggregate in the active adhesion. The results from the second ANOVA indicate that both factors, the type 
of aggregate (p = 0.032 < 0.05) and the type of mineral filler (p=0.000<0.05), have statistical significance 
on the active adhesion. The statistical analysis confirms the results indicated in Section 4.2 related to the 
type of mineral filler. However, in figure 6, the type of aggregate was not found to exert an influence on 
the active adhesion. To clarify this observation, a Tukey post-hoc analysis was performed. The results 
indicated that statistically significant differences only exist between the mixing times obtained with 
dolomitic calcite and feldspatic schist (p=0.067 <0.05) and the mixing times obtained with dolomitic 
calcite and gabbro (p=0.033 <0.05).  
The third ANOVA was conducted to analyse the statistical influence of the mixing time on the bitumen 
coverage. That is, this third ANOVA was performed to analyse the statistical significance between the 
mixing time and the bitumen coverage. As was expected, no statistical significance exists (p=0.416 
>0.05). This ANOVA confirms the results obtained in Section 4.3. 
5. Conclusions 
In this study, the active and passive adhesion between the aggregates and the bitumen that are part of 
HMA were analysed. The following conclusions were drawn from this study: 
 In general, the use of filler improves the passive adhesion between the aggregates and the 
bitumen, leading to bituminous mixtures with higher water resistance and thus higher durability.  
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 Some of the most used fillers were analysed. Among them, the Portland cement, CEM II/B-M 
(V-L) 32.5 N is the filler that, in general, results in better bitumen coverage, that is, in better 
passive adhesion. Thus, the use of grey Portland cement as filler could help to improve the 
durability of the bituminous mixtures. 
 The natural filler exhibited worse active adhesion results than the commercial products, which 
have finer grain size distribution. 
 No relationship between the active adhesion and the passive adhesion was found. Thus, the filler 
must be carefully selected so as not to negatively affect the active or passive adhesion while 
improving the passive or active adhesion. 
These conclusions were obtained from the limited investigation that was conducted. Further investigation 
is required to corroborate and generalise these conclusions. Particularly, investigating more filler types 
with different grain size distributions is necessary to analysis the influence of the mineral powder grain 
size on the active adhesion. In this regard, analysis comparing the dynamic and cinematic viscosity of the 
bitumen with the viscosity of the mastic (mix of bitumen and filler) could also help to explain the 
influence of the filler grain size distribution on the rheological properties of the bitumen. 
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Figure 1 
Hot-mix asphalt that has suffered from stripping, as a consequence of a loss of adhesion 
between the aggregates and the binder due to the action of water. 
 
 
Aggregates clearly 
separated from hot-mix 
asphalt due to a loss of 
adhesion between 
aggregates and bitumen 
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Figure 2 
Diffractograms: a) Hornfels, b) feldspatic schist, c) gabbro and d) dolomitic calcite.  
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46-1045 (*) - Quartz, syn - SiO2
Operations: Import
09_52379_SILICEO811_009D1C2P3H1 - File: 09_52379_SILICEO811_009D1C2P3H1.raw - Type: 2Th/Th locked - Start: 2.000 ° - End: 80.000 ° - Step: 0.050 ° - Step time: 2.4 s - Temp.: 25 °C (Room) - Time Started
L
in
 (
C
o
u
n
ts
)
0
100
200
300
400
500
600
700
800
900
1000
2-Theta - Scale
2 10 20 30 40 50 60 70 80
Q
u
a
rt
z
Q
u
a
rt
z
Q
u
a
rt
zQ
u
a
rt
z
Q
u
a
rt
z
Q
u
a
rt
z
Quartz
Q
u
a
rt
z
Q
u
a
rt
z
Q
u
a
rt
z
Q
u
a
rt
z
Q
u
a
rt
z
Q
u
a
rt
z
Q
u
a
rt
z
Q
u
a
rt
z
C
h
lo
ri
te
 /
 s
e
rp
e
n
ti
n
e C
h
lo
ri
te
 /
 s
e
rp
e
n
ti
n
e
C
h
lo
ri
te
 /
 s
e
rp
e
n
ti
n
e
C
h
lo
ri
te
 /
 s
e
rp
e
n
ti
n
e
C
h
lo
ri
te
 /
 s
e
rp
e
n
ti
n
e
F
e
ld
s
p
a
rs
 /
 p
la
g
io
c
la
s
e
F
e
ld
s
p
a
rs
 /
 p
la
g
io
c
la
s
e
F
e
ld
s
p
a
rs
 /
 p
la
g
io
c
la
s
e
F
e
ld
s
p
a
rs
 /
 p
la
g
io
c
la
s
e
F
e
ld
s
p
a
rs
 /
 p
la
g
io
c
la
s
e
M
ic
a
M
ic
a F
e
ld
s
p
a
rs
 /
 p
la
g
io
c
la
s
e
F
e
ld
s
p
a
rs
 /
 p
la
g
io
c
la
s
e
F
e
ld
s
p
a
rs
 /
 p
la
g
io
c
la
s
e
CALIZO811 (SAI 2009/52378)
05-0586 (*) - Calcite, syn - CaCO3
46-1045 (*) - Quartz, syn - SiO2
36-0426 (*) - Dolomite - CaMg(CO3)2
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Figure 3 
Mineral filler grain size distribution 
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Figure 4 
Boiling Water Test procedure 
 
 
 
 
 
 
Loose mixture mixing process 
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Figure 5 
Passive adhesion results in terms of the bitumen coverage 
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Figure 6 
Active adhesion results in terms of the mixing time 
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Figure 7 
Mixing time versus the bitumen coverage 
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Table 1 
Bulk composition in weight of the aggregates according to the X-ray fluorescence results 
Aggregate SiO2 
(%) 
CaO 
(%) 
AL2O3 
(%) 
K2O 
(%) 
CO2 
(%) 
MgO 
(%) 
Fe2O3 
(%) 
TiO2 
(%) 
Na2O 
(%) 
SO3 
(%) 
P2O5 
(%) 
SrO 
(%) 
Hornfels 62.3 0.3 19.0 4.3 2.5 1.6 7.4 0.9 1.3 0.6 0.1 0.01 
Feldspatic schist 72.1 0.5 12.4 2.5 1.8 1.6 3.9 0.5 3.6 0.7 0.2 0.01 
Gabbro 49.2 9.6 17.5 0.6 2.4 8.0 9.0 0.7 2.4 0.1 0.1 0.03 
Dolomitic calcite 16.1 32.3 0.8 0.2 36.7 12.6 0.9 - - 0.2 - 0.03 
 
 
 
